Electrospray ionization mass spectrometry (ESIjMS) affords a rapid and sensitive technique for determining peptides produced by the enzymatic digestion of phosphoproteins. When coupled with on-line immobilized metal-ion affinity chromatography (IMAC), the combination allows separation and mass spectrometric identification of phosphorylated and nonphosphorylated peptides. In this study, the feasibility and general applicability of on-line IMACjESI/MS is investigated by using immobilized ferric ions for selective chelation of several phosphotyrosine and phosphoserine peptides. The sensitivity and practicality of the technique for phosphoproteins are demonstrated via the analysis of 30 pmol (~0,7 f-tg) of bovine ,B-casein purified by sodium dodecylsulfate-polyacrylamide gel electrophoresis, electroblotted onto a polyvinylidene difluoride membrane, and digested in situ with trypsin. It is observed that on-line IMACjESI/MS suffers less from sample losses than experiments performed off-line, suggesting that the limiting factors in sensitivity for this technique are the purification procedures and sample handling rather than the IMAC and mass spectrometry. Thus, the ability to inject the tryptic digest of an electroblotted protein directly onto the column without buffer exchange and to analyze the eluent directly via on-line coupling of the IMAC column to the mass spectrometer greatly reduces sample losses incurred through sample handling and provides a convenient method for analyzing phosphopeptides at low levels. (J Am Soc Mass Spec/rom 1993, 4, 662-669) 
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Analytical methods that have been used to detect and/or characterize phosphorylation sites typically involve radiolabeling proteins with [32 P] adenosine triphosphate (ATP), either in vivo or in vitro [5] . Besides the obvious precautions when working with radioactivity, one must be certain that complete incorporation of 32 p has taken place and that an equilibrium has been established within the cell. Allowances must be made for endogenous (nonradiolabeled) ATP that may still be present. Moreover, some proteins may be phosphorylated at the time of labeling, and thus the incorporation of 32 p may depend on the activity of phosphatases to remove bound nonradioactive phosphate. In addition, artifactual phosphorylation may occur owing to denaturation of the protein, exposing other potential phosphorylatable sites that in vivo would not be accessible. Despite these concerns, 32 p labeling is widely used because of the high sensitivity of assays based on radioactivity.
Once a protein has been radiolabeled, it is usually chemically or enzymatically cleaved into smaller peptides for further analysis. Amino-terminal sequencing by Edman degradation [6] [7] [8] is commonly used to identify specific phosphorylated residues. Edman degradation does not necessarily require a radioactive label; however, without radiolabeling to identify phosphopeptides, substantial time is required to sequence all potentially phosphorylated peptides within a protein.
Mass spectrometric methods for identifying and characterizing nonradiolabeled phosphopeptides are inherently faster because the masses of many peptides can be determined quickly, and phosphopeptides are identified by a mass increase (+80 Da per phosphate) [9] [10] [11] [12] [13] [14] [15] [16] [17] . The specific phosphorylated residuets) in a peptide are most often determined by tandem mass spectrometry (MSjMS). Most of the results to date have been based on fast-atom bombardment (FAB) [10] [11] [12] [13] [14] . Electrospray ionization (ESI) [15, 16] has some advantages over FAB for phosphopeptide analysis. The mass range of ESr is substantially higher, and detection limits, under carefully controlled conditions, can be in the subpicomole range. ESI can be easily interfaced for on-line high-performance liquid chromatographic (HPLC) separation (FAB can also be interfaced with HPLC via continuous-flow FAS), The utility of ESI for phosphopeptide analysis was demonstrated by Palczewski et al, [18] in the study of Rhodopsin kinase, in which 32P-Iabeling was used to identify the phosphorylated peptides.
The analysis of large phosphoproteins by mass spectrometry is a particular challenge, primarily because of the large number of peptides that have to be analyzed. Simultaneous ionization of all peptides in a complex mixture is rarely if ever achieved without prior chromatographic separation. Even then, incomplete separation of many components, a common occurrence, makes data analysis difficult. Moreover, not all expected peptides are always identified, and often partial clips or nonspecific chemical or enzymatic cleavages are encountered, such as occasional chymotryptic clips observed with the enzyme trypsin.
Therefore, a method to identify specifically phosphopeptides would be valuable. Covey et a1. [16] have shown that neutral-loss scans can identify doubly charged ions of phosphoserine-containing pep tides. An alternative is the specific isolation of phosphopeptides from a mixture. Immobilized metal-ion affinity chromatography (IMAC) has been shown to be useful for this purpose [19~22] . Immobilized Fe 3 + ions selectively retain phosphorylated proteins and peptides. This technique has been used successfully off-line by Michel et al. [14] prior to FAB mass spectrometry analysis. For analysis of low amounts of material, however, on-line methods are preferable because sample handling can be minimized,
In this study, we describe the development of on-line micro-IMACjESI mass spectrometry (IMAC/ESI/MS) for the analysis of low levels ( < 30 pmol) of phosphopeptides. Following this, we describe a generally useful method to deal with large proteins of poor solubility and low availability. Proteins that are purified by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) are transferred by electroblotting onto a suitable membrane that fixes the protein in an environment virtually free of interfering buffer components. The analysis utilizes in situ enzymatic digestion of proteins on membranes, followed by phosphopeptide isolation with micro-IMAC columns, either on-line with ESI/MS or off-line for subsequent analysis by matrix-assisted laser desorption ionization mass spectrometry (MALDIjMS). This method is demonstrated for l3-easein, a readily available phosphoprotein of 24 kDa, containing five phosphoscrine residues. 
Experimental

Chemicals
50S-PAGE, Electroblotting, and Tryptic Digestion
Gel electrophoresis was performed using a Novex (San Diego, CA) Xcell Mini-cell and Novex precast 4-20% gradient Tris-glycine gels, 15 wells, 1.0 nun thick. Gel electrophoresis is commonly used as a purification step in preparing biological samples and allows separation of a protein of interest from other protein impurities and buffer components. Electroblotting was performed using a BioRad Mini two-dimensional Trans-blot cell. Electroblotting transfers the protein from the gel to a membrane under the influence of an electric field. It serves to remove SDS from the protein (acquired during the electrophoresis) and fix the protein from the gel onto an inert support for further manipulation and study. ProBlott (Applied Biosysterns, Foster City,' CA) polyvinylidene difluoride (PVDF) membranes were used for electroblotting proteins in a solution of 10 mM CAPS, pH 11, and 20% methanol for 1 h at 250 mA constant current. Membranes were stained for 1 min with ProBlott stain to visualize the proteins (0.1% Coomassie Brilliant Blue, 1% acetic acid, and 40% methanol), destained for 3 min by using 10% acetic acid in 50% methanol, and then thoroughly washed with distilled water and allowed to dry.
In situ reduction, alkylation, and tryptic digestion have been discussed previously in detail by Henzel and co-workers [23, 24] . Protein bands were cut from the PVDF membrane, taking care to cut closely around each band so as to include as little excess PVDF membrane as possible. The excised bands were transferred to microcentrifuge tubes, and the residual stain and SOS were removed by a modified chloroform/ methanol precipitation as follows: the membranes were wetted with 1 f.LL of methanol; then 100 f.LL of distilled water was added followed by 400 ILL of methanol. The mixture was vortexed for 1 min; then 100 ILL of chloroform was added, and the mixture was vortexed again prior to solvent removal. For proteins that contain disulfide bonds, the protein is reduced and alkylated prior to tryptic digestion to denature the protein, thus ensuring that the enzyme will be able to interact efficiently with the protein on the membrane. Specifically, the reduction/alkylation reactions will reduce disulfide bonds between cysteine residues and alkyl ate the resulting free sulfhydryl groups to form carboxymethylcysteines, In-situ reduction is performed as follows: 100 ILL of reduction Duffer (5 mM ethylenediaminetetraacetic acid, 7 mM OTT, and 0.5 M Tris-HCl, pH 8.5 in 10% acetonitrile) is added to the membrane and allowed to incubate for 1 h at 45°C. The mixture is allowed to cool to room temperature, and 10 f.LL of alkylation buffer (0.5 M NaOH, 200 mM iodoacetic acid) is added to the membrane still in the reduction buffer. This mixture is then allowed to incubate at room temperature for 20 min in the dark. .a-Casein does not contain any cysteine residues, and therefore this portion of the procedure was omitted for most of the experiments.
For digestion, the membranes were washed three times with 10% acetonitrile (to remove residual alkylation/reduction buffer) and then vortexed for 20 min in a solution of 0.2% PVP-40 0.1% acetic acid. The PVP-40 surfactant prevents protease adsorption to the membrane. The PVP-40 solution was removed, and the membranes were washed twice with 10% acetonitrile, followed by one wash of 20% acetonitrile and one wash of 0.1 M N-ethylmorpholine in 10% acetonitrile to remove any residual PVP-40 solution. Membranes were then digested in 50 ILL of digest buffer (0.1 M N-ethylmorpholine, 10% acetonitrile, 0.2 f.Lg of Promega modified trypsin) and incubated for 12 h at 37°C. A second aliquot of trypsin was added, and incubation continued for an additional 12 h at 37 T.
The digestion was halted by injecting the solution onto the IMAC column.
Solution digestion of ,B-casein was either performed in 0.1 M N-ethylmorpholine or 0.1 M NH 4HC03 by using an enzyme/substrate ratio of 1:100 (w /w). The digestion was carried out for 24 h at 37 DC, with a second aliquot of trypsin added after 12 h. The digestion was halted by drying the sample or injecting the solution onto the IMAC column. Samples were either loaded directly onto the column in acidified (to pH 3.5 with acetic acid) digest buffer solutions or in 0.1 M acetic acid. Loading the proteolytic digest solution directly onto the lMAC column minimizes sample handling. We found that Nethylmorpholine, because it is a tertiary amine, is compatible with the IMAC column such that the digest can be directly injected onto the column without buffer exchange. More common buffers such as Tris-HCI or NH 4HC03 , contain primary or secondary amines and compete with the phosphopeptides for chelation with Fe3+ during the load procedure [25] . Best results were obtained when sample load volumes were less than the total volume of the column « 50 f.LL). After the column was loaded, the column was connected through the end union to the ESI source via a 50-em length of 70-f.Lm i.d. X 150-ILm o.d. fused silica capillary transfer line. The following buffers were used as eluents to develop the column:
Kemptide Phosphorylation
Phosphorylation of 5 mg of kemptide [7] was carried out in 1.25 mL 50 mM K 2HP04 , 18 mM MgC12' and 10 mM ATP adjusted to pH 6.8 with HCl. Protein kinase catalytic subunit (500 U in 160 ILL of 6 mgyrnl. DTT) was added to the kemptide solution, and the reaction was incubated at 37°C for 3 h. 
Mass Spectrometry
Experiments were performed by using a SCIEX (Thornhill, Ontario, Canada) API III triple quadrupole mass spectrometer equipped with a pneumatically assisted ESI source (ion spray). Each scan was acquired over the range m rz 400-2200 by using a step of 0.5 u, a dwell time of 1.5 InS, a mass defect of 50 ,uu, and an 80-V orifice potential. All on-line lMAC/ESI mass spectra were background subtracted. The background IMAC spectrum contains buffer ions and ions resulting from column degradation.
A Vestee LaserTec ResearcH time-of-flight mass spectrometer (Vestee Corp" Houston, TX) was used for MALDI experiments. Dried samples were dissolved in 2 ,uL of 0.1 M acetic acid, to which was added 2 ,uL of dihydroxybenzoic acid solution [saturated in 2% acetonitrile, 0.1% trifluoroacetic acid (TFA)] + 2 ILL of a-L( -)fucose solution (50 mM, 0.1% TFA). We found that this carbohydrate-containing matrix [26] gave superior results for tryptic digests [27] . The resulting mixture was then applied to a stainless steel probe tip, and the solvent was allowed to evaporate. Samples were irradiated with an LS] VSL-337ND (Laser Science, Inc., Cambridge, MA) nitrogen laser, and spectra were generated from 32 consecutive laser shots. Ions were accelerated to 30 kV prior to detection, and 5-ns time bins were used for recording signal transients.
Results and Discussion
The viability of on-line micro-IMAC for low levels of both aryl-and alkyl-linked a-phosphorylated amino acids was examined by experiments with synthetic peptides containing phosphotyrosine or phosphoserine, Phosphothreonine-containing peptides are known to behave very similarly to peptides containing phosphoserine [4, 19, 21] , and, thus, were not included in this study. Figure la displays the mass spectrum obtained from a mixture of three synthetic phosphotyrosine peptides, 10 pmol each of peptides I, II, and III (Table 1) , as they eluted together from the lMAC column. As shown in the total ion current chromatogram ( Figure Ia, inset) , the elution profile of these peptides is fairly sharp, indicating that the majority of the phosphopeptides elute within a fairly small volume, approximately 15 ILL. Singly charged molecular ions are observed for peptide I (m / z 704.4), whereas doubly charged molecular ions are formed for peptides II and III (m / z 563.8 and 794.4, respectively), as well as the triply charged ions (m / z 458.2) for peptide III. The IMACjESI mass spectral data obtained from 20 pmol of the phosphoserine peptide IV, kemptide, is shown in Figure lb . All of the kemptide that underwent phosphorylation during the enzymatic reaction becomes chela ted to the immobilized Fe3+ ions and elutes in the buffer D wash, As was the case with the phosphotyrosine peptides, the elution profile of phosphokemptide appears quite sharp, and the compound elutes within 6 ILL of buffer (Figure l b, inset) .
The application of the IMAC isolation method to a more complex mixture of peptides was studied by using a tryptic digest of the phosphoprotein f3-casein. This digest yields 16 different peptides, two of which contain phosphoserine residues-the quadruply phosphorylated Tl-2(4P) and the singly phosphorylated T6(lP)-as is shown in Table 1 . Data from the infusion of 4 ,uL of a 5-pmolj ILL solution of the mixture of tryptic peptides are shown in Figure 2 . Virtually all of the peptides are identified, including the Tl-2(4P) and T6(lP) peptides. The data are sufficient for analysis of a well-characterized sample, such as f3-casein, in which the complete sequence is known and phosphorylated residues have previously been identified [28] [29] [30] [31] .
For proteins with unknown phosphorylated residues, however, the complexity of the spectrum warrants separation of the peptide mixture prior to mass spectral analysis. The most common separation technique, reversed-phase HPLC, has been used extensively for the on-line separation of proteolytic digests. On-line injection of a ,B-casein tryptic digest onto a reversed-phase C18 HPLC column results in excellent separation for most of the tryptic peptides. As has been noted in many literature reports with regard to the HPLC of casein protein digests, however, the highly phosphorylated peptides, such as the Tl-2(4P) of f3-casein, were detected in very low abundance or not at all [13, 28, 29, 32] . We observed the same phenomena, as is depicted in Figure 3 : the total ion current (TIC) trace for the LC mass spectra of 60 pmal of ,B-casein tryptic digest. In this case, Virtually every tryptic peptide between molecular weight (MW) 400 and 2200 (the mass range utilized for this particular experiment) is identified, including the singly phosphorylated T6(lP), as well as several nontryptic and modified peptides. Several smaller peptides «400 Da) and the quadruply phosphorylated Tl-2(4P) peptide are not observed. Under the acidic conditions normally used for reversed-phase HPLC, the peptide may be too hydrophobic for high recovery. Another potential C = cysteine; D = aspartic acid; E= glutamic acid; F= phenylalanine; G = glycine; H = histidine; 1= isoleucine; K= lysine; L= leucine; M = methionine; N = asparagine; P = proline; Q = glutamine; R = arginine; 5 = serine; T= threonine; V= valine; W= tryptophan; Y= tyrosine, problem with reversed-phase HPLC is the poor retention of small, highly polar peptides. For some phosphoproteins, a phosphorylated dipeptide or tripeptide would most likely elute in the flow-through and be obscured by coeluting buffer components. IMAC offers an alternative to LC mass spectrometry for complicated mixtures that contain phosphorylated peptides. Figure 4a shows the mass spectrum obtained from loading 10 pmol of a f3-casein tryptic digest onto the column and collecting data on the buffer E wash. Both the Tl-2(4P) and T6(lP) peptides are observed in a narrow band, as shown in Figure 4a (inset). The intermediate pH washes were not necessary and were eliminated: however, the higher pH buffer E tends to degrade the column rapidly and leads to higher background signal. The peak eluting prior to the phosphopeptides is due to column degradation. On-line separation of the phosphopeptides was found to be crucial in this example. Attempts to collect low levels of the phosphopeptides off-line, concentrate them, and infuse them into the mass spectrometer always resulted in complete loss of the Tl-2(4P) peptide. Adsorptive loss due to its hydrophobicity, as described above, is the probable cause. On-line methods reduce losses due to sample handling and are favored for low amounts of sample.
The f3-casein example described above demonstrates adequate sensitivity for the technique. That work, however, was done with a Ill-pmol aliquot from a large-scale tryptic digest (5 nrnol). Tryptic digestion of low-picomole levels of protein is much less efficient for several reasons. First, digestion in dilute solution proceeds much slower owing to slower reaction rates (rate is proportional to reactant concentrations). One must still maintain an enzyme-to-substrate ratio less than 10 to minimize detection of trypsin autolysis fragments. Therefore, solution volumes must be kept as small as possible. The use of either immobilized enzyme or substrate can eliminate some of these problems [25, 29] . Second, a more serious problem that is frequently encountered with small amounts of material is the "state" of the solution in which the protein .. is delivered. Frequently, the protein is dilute, not completely pure, and in a solution composition that may not be optimal for enzymatic digestion or subsequent analysis. There are numerous methods for concentration and/or buffer exchange of solutions, including dialysis, size exclusion chromatography, ultrafiltration, reversed-phase chromatography, and others. Each of these may work well for some proteins, but most result in adsorptive losses. Third, protein solubility is often low. Many proteins, particularly membranebound receptors, require detergent for solubility in aqueous solution. The detergent frequently interferes with enzyme activity and is normally incompatible with later mass spectral analysis. Maintaining adequate solubility without detergent can be difficult. Gel electrophoresis is frequently used as a final purification step prior to analytical work.
To minimize many of these problems, we used a method in which the protein is purified by SDS-PAGE, electroblotted onto a PVDF membrane, and digested in Time (minutes) figure 3 . TIC trace of HPLC/ESI/MS of 60 pmol of (3-casein tryptic digest; (.) nontryptic and modified peptides, situ [231. The resulting peptides are extracted from the membrane during the digestion process and the resulting solution directly analyzed. This method efficiently removes residual SDS, immobilizes the protein to a membrane for various enzymatic and chemical reactions (see Experimental), and minimizes sample handling. To demonstrate the success of this procedure, it was applied to tJ-casein. Although f3-casein is not a large or insoluble protein, its use demonstrates the viability of the procedure because its digest mixture contains two peptides with very different degrees of phosphorylation as well as over a dozen other peptides covering a wide range of molecular weights and chemical nature. Figure 5 shows a PVDF membrane blotted with 30 pmol of gel-purified~casein. Following digestion, the peptides that were released from the PVDF membrane on hydrolysis were loaded onto an IMAC column, washed, and eluted as described earlier. Very recently, Yip and Hutchens [17] demonstrated the speed and sensitivity of MALDI/MS for the analysis of phosphopeptides derived from unfractionated tryptic digests of human f3-casein. Our procedure (geljblot/digest/IMAC) has also been used successfully to prepare samples for MALDI/MS. In our studies, the total amount of starting material was, as before, 30 pmol of protein. Following the gel/ blot/ digest! IMAC procedure, the eluted phosphopeptides of bovine ,B-casein were collected, dried, and redissolved in the matrix solution, as described above (see Experimental). The MALDI mass spectrum for peptides that elute with buffer D is shown in Figure 6 . The molecular ions for both phosphopeptides are observed as well as small adduct ions for each molecular ion. The ion with m / z 1032 is most likely not the doubly charged T6(1P) peptide because no corresponding adduct ion is observed, and in our experience with this matrix mixture [27] , no doubly charged ions are normally observed for peptides. Some loss in signal is observed for the quadruply phosphorylated peptide Tl-2(4P) compared with the electrospray data. Most likely this is due to poor solubility in the acidic matrix solution as well as to losses incurred from drying the sample. The MALDI mass spectrum of an aliquot of the unfractionated J3-casein solution tryptic digest, which was not dried prior to addition of matrix, shows nearly equal peak intensities for the two phosphopeptides [T6(lP) and Tl-2(4P)j, an indication that preferential ionization is not a factor.
Once the phosphopeptides are identified by mass, the precise location of the phosphateis) within the peptide must still be determined. Tandem mass spectrometry in combination with ESI has the capability of providing sequences or partial sequences for many peptides [10, 11, 14, 16, 18] . A second experiment following the identification of the phosphopeptides, in which fragment ion spectra are acquired for each of the phosphopeptides, is then required.
Attempts to repeat this work with less than 30 pmol of j3-caseinhave so far been unsuccessful. Because the IMAC/ESI method has sufficient sensitivity to detect peptides at the 10-pmol level (Figures 1 and 4) , the poorer detection limit for the gel/blot/digest procedure must result from losses in these extra steps. Electroblotting efficiency can approach 100% for some proteins, but it may also be only 50% for other proteins, or less [33] . Blotting efficiency for ,B-casein on the basis of amino acid analysis following in situ hydrolysis of the blotted protein is approximately 50%. The extraction process is also not quantitative. One might also expect inefficient digestion on the membrane, but experience with in situ tryptic digestion of many different proteins has shown partial digestion to be rare [33] .
We expect that better detection limits can be achieved by further reduction in the size of the lMAC column [37] . Experiments with a packed capillary column (0.4 rom i.d.) are currently in progress. Furthermore, a makeup solvent that reduces the pH may improve the ionization efficiency, because the pH 9.5 or 10.5 solution presently used may not be optimal for generation of positively charged ions, This prediction is based on studies of positive ion generation for proteins at high pH; the spectra show tenfold less signal than at low pH [34] . Along with changes in pH, we are also investigating alternate elution buffers to reduce the abundance of background ions. In addition, in some instances, slight retention of more basic nonphosphorylated peptides has been observed (although not for other side-chain modifications such as sulfation), probably resulting from nonspecific interactions with free iminodiacetic acid. Elution buffers containing Mg 2 +, imidazole, or phosphoserine have been shown to eliminate some of these interactions [25, 35, 36] . With proper optimization of column and solvent conditions, flow rate, and mass spectral scan conditions, it is possible that some degree of chromatographic resolution could be achieved for mixtures of phosphopeptides [19, 20, 22] . In addition, further separation by using reversed-phase HPLC could be used following the IMAC. These improvements are in progress. This procedure is presently being applied to the determination of the phosphorylation sites of a 120-kDa membrane-bound receptor.
